ABSTRACT: Monoclinic vanadium (IV) oxide (VO2) has received much attention for applications as intelligent solar control coatings, with the potential to reduce the need for both heating and air conditioning loads within building infrastructure. Chemical vapour deposition -a high-throughput industrially scalable method-is an ideal technology for the deposition of VO2 thin films on window panels. However, these films suffer from poor adhesion and are chemically susceptible to attack. In addition, the VO2 films with optimum solar modulation are unfortunately translucent, restraining their commercial use in energy-efficient fenestration. In this work, multi-functional, robust, layered VO2/SiO2/TiO2 films were quickly deposited on glass substrates using atmospheric-pressure chemical vapour deposition and fully characterised using structural, vibrational spectroscopy and electron microscopy techniques. The VO2/SiO2/TiO2 thin films were designed to exhibit excellent solar modulation properties as well as high transparency and resistance to abrasion, compared to single VO2 films of the same thickness. The films also showed self-cleaning properties comparable to those of commercial Pilkington Activ TM glass, as demonstrated here during the photodegradation of a model organic pollutant (stearic acid). The SiO2 acted as a barrier layer, preventing the diffusion of Ti 4+ ions into the VO2 layer but it also promoted the optical properties and allowed for superior thermochromic behaviour when compared to single VO2 films. The system was modelled to determine the effect of the individual components on the properties of the overall material. It was found that the deposition of the SiO2/TiO2 overlayer resulted in a dramatic improvement of visible light transmission (~30 % increase when compared to single layer analogues) whilst also doubling the solar modulation of the material.
INTRODUCTION: Managing heat loads in building infrastructure through central heating and air-conditioning has been estimated to produce ~30 % of all anthropogenic greenhouse gas emissions. 1, 2 This has encouraged research into the design and development of energyefficient approaches in order to reduce the energy required to maintain a comfortable working/living environment. One of the primary routes to achieving this goal would be the development of 'smart' coatings for building fenestration, [3] [4] [5] as windows account for the largest energy losses from buildings. The two most widely researched materials as energy-efficient coatings are electrochromic 6, 7 and thermochromic. 5, 8 Thermochromic materials exhibit a temperature-induced switch for the transmission/ reflection of long-wave irradiation (heat) and thus do not require any additional energy to function.
Vanadium (IV) oxide (VO2) is a widely researched material due to its first-order phase transition from a monoclinic to tetragonal (rutile) geometry, which is accompanied by a large optical change in the near IR (the rutile phase is highly reflective of near IR wavelengths).
9, 10 This phase transition also involves changes in electrical conductivity. The monoclinic phase is a semiconductor, with a distinct band-gap (~0.7 eV), and the rutile phase shows semi-metallic properties. These characteristic features make VO2 a unique material for thermochromic applications. 4, 11, 12 Nevertheless, there are several issues with implementing VO2 thin films in such applications: (a) the relatively high metal-to-semiconductor transition (MST) temperature (68 C); 13 (b) the low visible light transmission due to the yellow/brown colour of the films; 14, 15 (c) their poor adherence on glass; 16 and (d) their high susceptibility to chemical attack. 17 The poor visible light transmission is a particular problem for the application of VO2 for solar control coatings, due to the strong absorption of visible wavelengths owing to the small optical band-gap of VO2. 18 Methods to improve visible light transmission have included the doping of Mg 19, 20 and F 21, 22 and the deposition of multi-layered films. 4, 23, 24 Doping VO2 with appropriate metal ions has been widely reported as an effective approach to tune both the MST temperature and the optical properties of the films in the visible range. 20, 25, 26 The introduction of large cations, such as W, Nb or Mo, into the monoclinic phase is particularly interesting since the MST temperature can be reduced to a practical range (25 C).
21, 27, 28 The resulting W, Nb or Mo-doped films are conveniently blue, which is visually pleasant and suitable for window coatings. Unfortunately, the doping approach has an impact on hysteresis around the transition temperature, 29 which is undesirable, and the doped films are still chemically vulnerable. A convenient approach to overcome this problem is the deposition of a protective transparent coating onto the VO2 film. This has been achieved by sputtering multilayers of VO2 and amorphous silica, with higher levels of silica showing an increase in visible transmission whilst maintaining the thermochromism. 30 Calculations have shown that the incorporation of dielectric materials, such as SiO2, can alter the transmissive properties of the VO2 thin films increasing visible light transmission. 4, 12, 14 Some authors have used titanium dioxide (TiO2) as a protective layer for the VO2 film, 24, 31 , 32 aiming at the development of multifunctional thermochromic/selfcleaning coatings for window applications. The films in these studies were deposited by sputtering, with the VO2 layer being intercalated between two TiO2 films, in all cases both photocatalytic and thermochromic behaviour was observed in the deposited films. These films also showed an increase in visible light transmission due to the anti-reflective properties of the TiO2 overlayer, meaning that more of the incident light was able to pass through the film improving transmission. Atmospheric Pressure Chemical Vapour Deposition (APCVD) allows the high-throughput synthesis of multi-layered films, with facile tailoring of individual layers through the incorporation of dopants and critical control over their physical (crystallinity, thickness, etc.) and chemical (stoichiometry, oxidation state, etc.) properties. The APCVD method is easily scalable and it is currently used, for instance, in the production of self-cleaning glass (Pilkington Activ TM , SGG BioClean, PPG SunClean), with sales of >£100 m per annum. Unfortunately, the direct deposition of TiO2 coatings on VO2 at high temperature (typically 500 C) results in diffusion of Ti ions into the VO2 lattice, which increases the MST temperature of the film. 33 Nevertheless, this issue can be easily resolved by intercalation of an ion-barrier interlayer such as SiO2. Evans et al. have previously demonstrated that a SiO2 barrier layer can prevent the diffusion of ions into TiO2 when depositing on steel substrates via APCVD.
34 Surprisingly, to the best of our knowledge, multilayer VO2/SiO2/TiO2 films have never been developed by CVD methods. These types of multilayered systems have been previously described by modelling.
23, 32, 35 It was found that including SiO2/TiO2 layers would allow for the modulation of the incident radiation through the difference in refractive properties between the different media, improving visible light transmission if the correct thicknesses of the layers could be achieved. In the current work, multifunctional transparent VO2/SiO2/TiO2 thin films with both thermochromic and self-cleaning properties were produced by APCVD. These films showed significant improvement in visible light transmission compared to that of the original single VO2 layer and, contrary to the latter, they were mechanically and chemically robust. The VO2/SiO2/TiO2 films are archetypal and the synthesis method and conditions presented here allow the direct industrial production of advanced energy-efficient building materials.
EXPERIMENTAL
2.1 Chemical precursors: Vanadium tetrachloride (Reagent plus ® 99.9 % purity), titanium tetrachloride (Reagent plus ® 99.9 % purity), tetraethyl orthosilicate (reagent grade 98 % purity) and ethyl acetate (anhydrous, 99.8 % purity) were purchased from Sigma Aldrich. All chemicals were used without additional chemical treatment. Glasssubstrates consisted of a 3.4 mm silica coated barrier glass (50 nm SiO2 layer) obtained from Pilkington. The glass substrate was 90 x 300 mm. Prior to deposition all substrates were cleaned with acetone, 2-propanol and water and left to air dry. Oxygen-free nitrogen (99.9 % purity) was purchased from BOC and used as the carrier gas for all reactions.
Synthesis conditions:
The APCVD rig has been described elsewhere. 36 The precursors were contained in bubblers under nitrogen (N2) gas flow, which was used as a carrier gas. The bubblers consisted of stainless steel cylinders with brass jackets and heating bands. All lines were heated using heating tapes (Electrothermal 400 W, 230 V). The precursors were mixed in stainless steel mixing chambers. The temperature of all components of the system was controlled by k-type thermocouples with Thermotron controllers.
In the synthesis of VO2/SiO2/TiO2 films, vanadium tetrachloride (VCl4), titanium tetrachloride (TiCl4), tetraethyl orthosilicate (TEOS, SiC8H20O4) and ethyl acetate (C4H8O4) were used as V, Ti, Si and O sources, respectively. The reactor temperature was set to 550 °C. The plain N2 gas flow set to 20 L min -1 and the plain flow lines heated to 200 °C. The mixing chambers were set to 150 °C. The sample description and respective synthesis conditions of the films discussed in this work are summarised in Table  1 . For the deposition of VO2, the VCl4 bubbler was set to 80 °C and had a N2 gas flow set at 0.7 L min -1 . The C4H8O4 bubbler was set to 40 °C and had a N2 gas flow set at 0.2 L min -1 . In the case of SiO2, the SiC8H20O4 bubbler was set to 130 °C with a N2 gas flow set to 0.7 L min -1 . The latter precursor reacted with C4H8O4 under the same temperature/flow conditions used in the VO2 case. For the deposition of TiO2, the TiCl4 bubbler was set to 75 °C with a N2 gas flow of 0.6 L min -1 ; the ethyl acetate was maintained at 40 °C with the N2 gas flow increased to 0.6 L min -1 . The depositions ranged from 1 to 7 minutes in length. After every reaction, the substrates were allowed to cool under nitrogen flow and were only removed from the reaction chamber when the temperature was below 90 °C. Singlelayer and multilayer films have been termed here as V-1, V-3 (only VO2 layer) and VST-1, VST-3 (VO2/SiO2/TiO2) in reference to the deposition time of the VO2 layer (1 and 3 min, respectively).
2.3 Characterisation Methods: X-ray diffraction (XRD) studies were carried out using a Bruker-Axs D8 (GADDS) diffractometer. The instrument operates with a Cu X-ray source, monochromated (Kα1 and Kα2) and a 2D area Xray detector with a resolution of 0.01º (glancing incident angle, θ= 0.3º). The diffraction patterns obtained were compared with database standards from the Inorganic Crystal Structure Database (ICSD), Karlsruhe, Germany. Atomic Force Microscopy scans were made of the VO2 and TiO2 samples using a Nanosurf Easyscan 2 system fitted with a Bruker NCLR cantilever. Non-contact tapping mode was used to build a topological map of each samples over an 8x8um area with a lateral resolution of 15nm. Scanning electron microscopy (SEM) was carried out using a Jeol JSM-6700F and secondary electron image on a Hitachi S-3400N field emission instruments (20 KV) and the Oxford software INCA. X-Ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-alpha spectrometer with monochromated Al Kα radiation, a dual beam charge compensation system and constant pass energy of 50 eV (spot size 400 µm). Survey scans were collected in the range 0-1200 eV.
Functional testing:
The thermochromic properties of the samples were studied via absorption UV/vis spectroscopy, using a Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer. The transmission/reflectance spectra were recorded directly on the as-deposited films, which were clamped against the integrating sphere in perpendicular position to the beam path. The samples were gently heated in situ using an aluminium high-temperature cell controlled by RS cartridge heaters, Eurotherm temperature controllers and k-type thermocouples. A Labsphere reflectance standard was used as reference in the UV/vis measurements. Contact angle measurements were made using a FTA1000 system. A 6.8 μl drop of deionised water was dispensed by gravity from a gauge 30 needle and photographed side on when in-situ on the surface of the sample thin films. The contact angle of the water droplet and the surface is measured by the software from this image. The self-cleaning properties of the coatings were investigated during photocatalytic degradation of stearic acid. A layer of stearic acid was dip-coated onto the films from a chloroform solution (0.05 M). The degradation of the acid was monitored by infrared spectroscopy using a Perkin Elmer RX-I spectrometer. The samples were irradiated in a home-built light box equipped with six blacklight blue fluorescent tubes (UVA 6×18 W) and an extractor fan. The irradiance (4  0.2 mW cm -2 ) at sample position was measured using a UVX radiometer (UVP). The area of the sample under illumination was 3.14 cm 2 .
3. RESULTS AND DISCUSSION:
3.1 Physical properties of the films: The deposition of VO2/SiO2/TiO2 was carried out in a single run on glass substrates at 550 C, as described above (vide supra). The robustness of the films was checked by the Scotch-tape test. 37 The single-layer VO2 films were easily delaminated by this test and they could also be easily removed by rubbing with a piece of cloth. In contrast, the multilayer VO2/SiO2/TiO2 films showed strong adherence to the glass substrates and were even resistant to scratching by a steel scalpel. All films were indefinitely stable in air over a period of several months and no pinhole defects were observed.
The single VO2 layers were unequivocally matched to monoclinic VO2 by X-ray diffraction (XRD) (Figure 1) . No trace of impurity phases was observed in these studies. It was interesting to notice that the structural properties of the TiO2 layer in the multilayered systems were dependent of thickness of the SiO2 layer. The growth of TiO2 on a thin SiO2 layer (sample VST1, deposition time 1 min) resulted in pure rutile phase, whilst thicker SiO2 layers (sample VST1, deposition time 3 min) induced formation of both anatase and rutile structures during deposition of the TiO2 layer (Figure 1(b) ). This suggests that the SiO2 layer initially displays the same lattice parameters as the underlying VO2 layer, with increasing deposition length causing a shift towards a less pronounced lattice match. Also noticeable was the shifting of anatase and rutile peaks in the XRD data, which indicates the presence of lattice strain caused by the underlying VO2 phase and the lattice mismatch between the monoclinic VO2 and rutile (tetragonal) TiO2 phases. 38 This strain effect is still evident in the thicker SiO2 deposition (sample VST-3) (Figure 1(b) ).
The individual VO2 films showed a very rough surface, as evidenced by atomic force microscopy (AFM) (Figure  2(a) ). This was further supported by side on SEM images (Figure 3(b) ) and water contact angle measurements, where prior to UV irradiation, the VO2 films showed superhydrophilic (below 5°) contact angles. In contrast, the multilayered VO2/SiO2/TiO2 films showed significantly reduced surface roughness in the AFM images (Figure  2(b) ). This was also evident in the side on SEM images (Figure 3(f) ) and water contact angles, in these cases were ~70° prior to irradiation. Upon UV irradiation, the multi-layered films showed photo-induced superhydrophilicity as expected for TiO2. 39 The morphology of the films was assessed by scanning electron microscopy (SEM) (Figure 3(a) ), with particle shapes ranging from needles to plate-like structures. The needle like structures were also evident in the AFM images for the VO2 single layer films ( Figure  2(a) ). The multi-layered VO2/SiO2/TiO2 showed a more uniform morphology of the top TiO2 layer (Figure 3(b) ). The particles are pyramidal in shape in the latter case. This morphology was also evident in the AFM images for the multi-layered films (Figure 2(b) ). This type of morphology has been previously observed for rutile TiO2 thin films from CVD processes. 40, 41 There is also a large difference between the size of the VO2 and TiO2 particles present in the films, with the VO2 particles being significantly larger. The SiO2 layer (Figure 3(c) ) shows a highly porous film, with column-like structure evident. The pores in the SiO2 film are on the scale of 1000 ±50 nm. Side-on SEM images allowed an estimation of the thickness of the different layers (Figure 3(d) ). The VO2 layer in direct contact with the glass substrate was very uniform in appearance and about 300 ±10 nm in thickness (the sample shown in Figure 3(d) is VST-1). This layer is followed by a thicker layer, attributed to SiO2 (1500 ±50 nm) that shows a series of repeating column-like structures which is in agreement with those seen for the SiO2 layer (Figure 3(c) ), interspersed with what appear to be voids again confirming the porous nature of the SiO2 film. Finally, a third layer at the surface of the film was attributed to TiO2 and it was approx. 100 nm in thickness. The side-on SEM images also helped to elucidate the reason for the increase in film adhesion on the inclusion of the SiO2/TiO2 overlayer. The SiO2 layer is seen to infill the VO2 layer, creating points where the SiO2 layer will be 'anchored' to the underlying SiO2 barrier layer. This is coupled with a substantial decrease in grain size at the surface, which is known to improve mechanical properties of thin films. 42 The oxidation environments and the relative percentage of each element (Ti, Si and V) throughout the films were estimated by X-ray photoelectron spectroscopy (XPS). Each individual element had its oxidation state probed, with the Ti, Si and V peaks (Figure 3) 45 respectively. Depth profiling determined that the surface was Ti rich, with the presence of Si also near the surface, as expected from the highly structured SiO2 layer, and a weak V signal appearing towards the end of the etching (Figure 3 ).
Thermochromic and optical properties:
Variable temperature transmission UV/Vis spectroscopy was used in order to determine the thermochromic and optical properties of the films ( Figure 5) . In all cases, the MST transition temperature was observed c.a. 68 °C, consistent with undoped VO2 thin films. 5 There was also no difference observed in hysteresis behaviour between the single and multi-layered samples, all sample showed a hysteresis of 5 ±2 °C. It can be clearly seen that the inclusion of the SiO2 and TiO2 coatings improved the visible light transmission (Tlum) of the films, with an increase of ca. 30 and 15 % for samples VST-1 and VST-3, respectively, compared to the equivalent single VO2 films. Likewise, the thermochromic responses of both multilayered systems were larger than either of the single layered analogues. Reflectance UV/Vis spectra, Figure 6 , confirmed that the films became more reflective in the near IR when heated beyond the MST. Again, the multi-layered films displayed improved reflectance in the near IR when compared with the single layer analogues, with sample VST-1 ( Figure 5 (a)) displaying twice roughly twice in reflectance as large a switch as sample V-1.
To give a more quantitative value to the solar modulation (Tsol) and visible light transmission (Tlum) of the films, weighted solar modulation and visible light transmission values were obtained from the UV/Vis spectra ( Table 2) . The calculations used to determine Tsol and Tlum followed a procedure described in a previous publication. 46 The improvement in visible light transmission of the multilayered samples (VST-1 and VST-3) was accompanied by a substantial improvement in total solar modulation (ΔTsol), which roughly doubled that of the corresponding single VO2 layers (samples V-1 and V-3, respectively) . The best performing film in terms of solar modulation was sample VST-3, which showed a total of 15.29 % (Tsol) ( Table 2 ). This value is very close to the maximum possible solar modulation for VO2 thin films (~17 %). 46 Calculations of the transmittance spectra through the multilayer structures were performed using a transfer matrix method. The refractive index of TiO2, SiO2 and VO2 were taken from Devore, 47 Palik 48 and Mlyuka, 23 respectively. Our model assumed the multilayer film stack was deposited upon a glass (SiO2) substrate and irradiated from a broadband light source in air. The reported transmittance values were taken between the region of air directly in contact with the TiO2 layer and the region of glass in direct contact with the bottom VO2 layer. The SiO2 layer in our system is optically thicker than the coherence length of broadband sunlight. Therefore, we expect a broad phase distribution at the SiO2-VO2 interface for light that has passed fully through the SiO2 layer. This effectively inhibits the formation of a resonant cavity within the SiO2 layer, decoupling resonance between the TiO2 and VO2 layers. In order to model incoherence in the SiO2 layer, we adapted our transfer matrix calculation method. Both electric field and phase information were maintained within the TiO2 and VO2 layers (and at their respective boundaries). However, within the SiO2 layer only electric field information was preserved. The effect of including our incoherence modification can be seen in the difference between Figure 7 (a) (coherent) and Figure  7(b) (incoherent) . Coherence within the SiO2 would lead to resonant peaks in the transmittance spectra which were not observed in our UV/Vis measurements ( Figure  5 ).
Our initial model for the VST-1 multilayer stack consisted of a 100-nm TiO2 layer, a 1300-nm SiO2 layer and a 300-nm VO2 layer and was based upon SEM images of the film (Figure 3) . However, our transfer matrix transmittance calculations did not match the UV/Vis measurements of VST-1 (Figure 7(b) and Figure 4(a) ). In order to investigate whether the mismatch between our calculations and the experimental data was a result of nonuniform film thickness, we performed a series of calculations in which every combination of film thicknesses (within given bounds) contributed toward an average transmittance. The spectra for sample VST-1 (uniform thickness, Figure 7(b) ) can be compared with the average spectra for the same multilayer film with an induced uncertainty (Figure 7(c) ), i.e. 100 ± 10nm TiO2 layer, a 1300 ± 50 nm SiO2 layer and a 300 ± 10 nm VO2 layer. The contribution of uncertainty averaging did not account for the difference in transmittance between the experimental results for sample VST-1 and our transfer matrix calculations. Therefore, we performed a study in which the thickness of our VO2 layer was varied between 0 and 300 nm. The smart window metrics, Tlum and ΔTsol, were calculated for each thickness of VO2 and can be seen in Figure 7(a) . It was found that the experimentally determined smart window metrics for sample VST-1 were most closely represented by a transfer matrix model in which the VO2 thickness was modified to become 50 nm (Figure 8(b) ). This may suggest that the VO2 film produced during our APCVD method may have had a low density.
Other researchers have proposed methods for increasing the visible light transmission of VO2 thin films. These methods have included Mg 2+ doping, 18 depositing thin films (below 50 nm) of VO2, 49 TiO2/VO2/TiO2/VO2/TiO2 multi-layered 'sandwich structures 23 and using antireflection layers. 4 These methods will be explored in future work using the APCVD set-up detailed in this paper.
3.3 Self-cleaning properties: The multilayered VO2/SiO2/TiO2 films displayed water contact angles of 70-90°, which are typical for TiO2 thin films.
50 UV irradiation contributes to increase hydrophilicity of TiO2 surfaces to <10°. This shows that the films still exhibit photoinduced superhydrophilicity which is a key property for self-cleaning coatings. 51 The self-cleaning properties of these films were studied during photocatalytic degradation of octadecanoic (stearic) acid. This fatty acid is considered a model organic pollutant, which typically deposits on window panels, tiles and other surfaces. The photodegradation of stearic acid is also convenient from a kinetic point of view (the reaction follows zero order kinetics and thus the rate is independent of the initial concentration of the acid) and it can be easily monitored using infrared spectroscopy (FTIR). These IR-active bands correspond to C-H stretching modes. The total area under these peaks was used to evaluate the degradation of the acid upon UVA irradiation (4 mW cm -2 ) (Figure 9(a) ). The degradation rates were estimated from the initial 30-40 % decrease of the initial amount of acid. It could be inferred from Figure 8 (a) that sample VST-1 showed negligible activity whilst the degradation rate corresponding to sample VST-3 was comparable to that of a standard Pilkington Activ™ glass. The latter is a commercially available self-cleaning glass, which contains a thin TiO2 layer (~15 nm) deposited by CVD methods.
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The photocatalytic results can be conveniently expressed in terms of formal quantum efficiency (), given as molecules of acid degraded per incident photon (units, molec photon -1 ). The molecules degraded are estimated directly from the degradation rates using a conversion factor (1 cm -1  9.710 15 molec cm -2 ) from the literature. 53 It could be confirmed (Figure 8(b) ) that the  values of both VST-3 and Pilkington Activ™ samples were comparable and even slightly higher for the former, whilst sample VST-1 had virtually no activity in the degradation of the acid. The latter observation was expected since the TiO2 layer in sample VST-1 was a pure rutile phase, which is known to be inactive in the photo-oxidation of organic pollutants.
CONCLUSIONS:
The simple production of multilayered VO2/SiO2/TiO2 films has been demonstrated by atmospheric-pressure chemical vapour deposition. The synthesis of these systems is directly scalable for industrial use and it offers a great advantage towards the development of advanced multifunctional coatings for energyefficient, intelligent window applications. The use of a SiO2/TiO2 protective bilayer prevents any potential chemical attack and improved the mechanical properties of the coating, making the film more adherent and robust. The presence of TiO2 on the surface resulted in self-cleaning properties (photoactivity and photo-induced superhydrophilicity) comparable to those demonstrated for commercially available self-cleaning glass.
Furthermore, the SiO2/TiO2 overlayer dramatically increased the visible light transmission as well as improving the solar modulation of the original VO2 film. The best performing multilayered film produced in this work showed a solar modulation value (15.29 %) which is very close to the maximum possible solar modulation for VO2 thin films. The experimental values of both visible light transmission and solar modulation were compared to smart window metrics obtained after transfer matrix transmittance calculations. In terms of visible light transmission, it was concluded that our experimental results were only expected for significantly thinner VO2 films, whilst preserving maximum solar modulation. Figure 1 . XRD patterns of (a-c) single-layer monoclinic VO2 films (samples V-1 and V-3, respectively) and (b-c) multilayer VO2/SiO2/TiO2 films (samples VST-1 and VST-3, respectively). The latter patterns correspond to TiO2 polymorphs (anatase and rutile peaks indicated as A and R, respectively) and the diffraction peaks are shifted due to lattice strain from the underlying VO2/SiO2 layers. 
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